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 In this work, the synthesis of radioactive nanostructures by water radiolysis was 
studied. The irradiation processes were done in the Missouri University of Science and 
Technology research nuclear reactor (MSTR).  
 Radioactive gold nanoparticles (AuNPs) were synthesized from aqueous solutions 
containing the metal salt precursors by radiolysis of water. Seven different samples were 
irradiated at 200kW of thermal power for 0.5, 1, 3, 5, 10, 30, and 60 minutes. The 
average sizes of the obtained nanoparticles ranged from 3 nm to 400 nm, it was found 
that the particle size decreased with the irradiation time. Some agglomerations of 
particles were found in each solution after the irradiation process. With this research, it 
was possible to synthesize, in a single step, radioactive AuNPs with the appropriate 
characteristics to be used in imaging diagnosis and cancer radiation therapy.  
 Radioactive bimetallic nanoparticles of silver and gold (Au/Ag BMNPs) were 
synthesized from aqueous solutions containing the metal salt precursors by radiolysis of 
water. Four samples with different Au/Ag concentration (30/70, 50/50, 70/30, and 0/100 
by volume percentage) were irradiated at 10kW of thermal power for 3 minutes. The 
obtained nanoparticles showed (Au)core–shell(Ag) structure as well as alloyed metal 
structure depending on the solution concentration. It was found that the alloyed metal 
nanoparticles presented a faced centered cubic crystal structure with lattice parameter of 
4.082  0.001 Å and a chemical composition of 70.21  0.01 wt% Au and                  
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1.1. NANOTECHNOLOGY: IMPORTANCE AND APPLICATIONS 
 Nanotechnology refers to the science, engineering, and technology conducted at 
the nanoscale (10
-9
 m). One of the most important fields of nanotechnology is the 
development of nanomaterials. Nanomaterials include the creation of new materials and 
devices with unique chemical and physical properties arising from their dimensions [1]. 
 The U.S National Nanotechnology initiative (NNI) [2] has defined a nanomaterial 
as any material smaller than 100nm and has described four generations of nanomaterials: 
 Generation 1st: Passive nanomaterials (2000). Materials that have passive 
participation in their applications, they act as chemical or physical agents to modify 
or enhance the properties of the medium where they are added. Some applications 
include coatings, filters, dispersions, ceramics, polymers, and others. 
 Generation 2nd: Active nanomaterials (2005). Materials that act as active agents in 
their applications. Some application examples include targeted and delivered drugs, 
transistors, sensors, molecular machines, nanoscale fluidics, and others.   
 Generation 3rd: 3D Nanosystems and systems of nanosystems (2010). Materials 
developed in three-dimensional structure with heterogeneous compositions to be 
applied in nanoscale components. Some applications include  structures and devices 
at the nanoscale with new architectures for biomedical  procedures. 
 Generation 4th: Molecular Nanosystems (2015). Materials with heterogeneous 
molecular nanosystems that are used as hybrid bioassemblies. Some applications 
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include molecules as devices, monitors and condition cells as nanobiosystems and 
multiscale self-assembled systems. 
 When a material is manufactured at nanoscale, its properties differ from the 
properties found in the bulk material. This phenomenon is known as quantum effects and 
they rule the behavior and properties of the nanomaterial. Therefore the nanomaterial 
properties are size-dependent and they can be tuned by controlling the particle size [1, 3]. 
 Tunability of nanomaterial properties allows determining the appropriate 
characteristics to improve the material behavior for a specific application; hence it has 
given an extended range of applications for nanotechnology. Using nanotechnology, 
materials can effectively be made to be stronger, lighter, more durable, more reactive, 
more sieve-like, or better electrical conductors. 
 Applications of nanotechnology include energy, electronic, and chemical 
applications. Energy applications include solar cells, semiconductor nanostructures to be 
used in the next generation devices, cleaner and more affordable energy sources and 
consumer products to reduce energy consumption and toxicity to the environment. 
 Electronic applications include new computing, and communications devices to 
provide faster, smaller, and more portable systems that can manage and store larger 
amounts of information. Chemical applications include catalysts and inhibitors for 
chemical reactions, materials sintering processes, material characterization, transportation 
agents, storage agents, and others [1-3].  
 Nanotechnology has accomplished important contributions to medicine and 
biotechnology. Nanomedicine has improved the behavior of different methods and 
procedures to give more personalized, safer, cheaper, more portable, and easier solutions 
for the consumers. Some examples of advances in nanomedicine include [4]: 
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 Manufacture of semiconducting nanocrystals to enhance biological imaging for 
medical diagnosis. For example, quantum dots offer optical detection better than the 
conventional dyes used in biological tests (such as magnetic resonance imaging 
(MRI)) [5, 6]. 
 Development of an imaging technology to diagnose atherosclerosis. With the imaging 
analysis, the researchers are able to measure the amount of antibodies-nanoparticle 
complexes that accumulate specifically in plaques, in order to control the buildup of 
plaque in the arteries and the side effects of the treatments [7, 8]. 
 Development of a procedure to detection of early- stage Alzheimer’s disease by using 
gold nanoparticles [9, 10]. 
 Production of nanostructures that spur the growth of nerve cells to treat damage in the 
spinal cord or in brain cells [11, 12]. 
 Application of multifunctional therapeutics nanostructures that serve as a platform to 
facilitate specific targeting to cancer cells and delivery of drugs minimizing risk to 
normal tissues [13]. 
 
1.2. NANOMATERIALS IN CANCER TREATMENT 
 According to the global status report on non-communicable diseases (NCDs) 
2010 published by the World Health Organization (WHO) cancer and heart diseases are 
the principal causes of death around the world [14]. 
 The American Cancer Society with the help of the National Cancer Institute, the 
National Program of Cancer Registries, the National Center for Health Statistics and the 
North American Association of Central Cancer Registries have projected that a total of 
1,658,370 new cancer cases and 589,430 cancer deaths will have occurred in the United 
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States during 2015 [15]. It represents a challenge to improve the current cancer 
treatments in order to reduce the number of cancer deaths, therefor different research 
projects and billions of dollars are being invested to increase the knowledge about causes, 
treatments development, and new and more effective therapies that give the patients 
better possibilities to defeat the disease and extend life expectancy. Figure 1.1 shows the 




Figure 1.1. Proportion of global deaths under the age of 70 [14]. 
 
  
 The application of nanomaterials in cancer treatment offers new prospects for the 
development of new non-invasive strategies for the diagnosis and treatment of cancer. 
 Nanomaterials can improve the performance of drug delivery, cancer cells’ 



















absorption [13].  The main benefit of nanotechnology in cancer treatment is the reduction 
of damage in normal tissue, radiation dose and side effects in patients by developing a 
strategy to increase the targeted radiation to the damaged cells. Some applications of 
nanotechnology for cancer treatment include: 
1.2.1. Imaging Using Nanostructures.  The medical imaging field has been 
leaded by x-ray, magnetic resonance imaging (MRI), and ultrasound (US) imaging. In the 
recent years, molecular imaging techniques have rapidly advanced to be potential 
imaging methods for clinical diagnosis in the future. The application of nanotechnology 
in medical imaging techniques improves the spatial resolution, sensitivity, signal 
penetration and multiplies the imaging targets and contrast agents [16]. According to the 
literature, it has been found that nanoparticles can be similar in size and share 
functionalities with cellular organelles (such as mitochondria, ribosomes, and transport 
vesicles) and these characteristics have been utilized to create unique imaging and 
therapeutic applications [17]. Some examples of imaging modalities using nanomaterials 
in their performances include: optical imaging (near-infrared (NIR) fluorescence imaging 
[17–20], Raman imaging [21]), US imaging (photoacoustic imaging [22]), MRI imaging 
[17, 23], X-ray/CT imaging [24, 25],  multimodal imaging [26], and vascular imaging 
[27, 28]. 
 Surface plasmon resonance (SPR) is a unique technique utilized for the detection 
and imaging of plasmonic materials [29].  Materials with this characteristic can absorb 
and scatter light regulated by the SPR characteristic frequency. Gold and silver 
nanoparticles are the most common and promising materials for this technique because 
their SPR phenomena are found in the visible to the near infrared region of the 
electromagnetic spectrum [30–33].  Furthermore, gold and silver nanostructures are 
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particularly interesting for biological applications because of their low reactivity, low 
toxicity profiles, and ease of functionalization [34–37]. Gold and silver nanoparticles 
have strong electric density and optical properties that make them interesting for thermal 
ablation applications, enhanced imaging agents, and contrast agents for electron 
microscopy. Some examples of gold nanostructures used in imaging diagnosis include 
spherical gold [38, 39], silica- gold nanoshells and gold nanorods [40, 41]. Alloyed 
gold/silver nanoparticles have been also studied for imaging diagnosis. 
 Other materials with excellent characteristics to be used in imaging diagnosis 
include superparamagnetic iron (SPIOs) nanoparticles that are useful for imaging 
contrast, separation, and generation of heat under alternating magnetic fields [13], carbon 
nanomaterials such as single-wall nanotubes, carbon dots, and graphene [42], 
nanoparticles based on gadolinium that are an excellent contrast agent [17, 23], and 
thorium dioxide nanoparticles as x-ray  imaging contrast agent [24]. 
1.2.2. Nanoparticle-Mediate Radiosensitization.  Nanomaterials have been used 
to make tumor cells more sensitive to radiation therapy by introducing them into the 
target cells. Radiation enhancers could cause more tissue damage by increasing the 
probability of ionization events leading to enhance the absorption or scattering of the 
radiation causing more local energy deposition and destroying tumor tissue. 
 Researches have demonstrated that the photoelectric mass attenuation coefficient 
is approximately proportional to the third power of  the atomic number (Z) and materials 
with high-Z have greater photoelectric absorption producing considerable amounts of 
secondary electrons scattering from the surface of the high-Z material in the surrounding 
tissue [43, 44]. This process suppresses the growth of the tumor and produces necrosis in 
the tissue around metal implants after therapeutic irradiation [45–48]. Gold and silver 
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nanoparticles are excellent radiosensitizers due to their ability to increase the absorption 
of radiation energy and they can be preferentially targeted to the tumor tissue to spare 
normal tissue [34, 49, 50]. Other studies have also demonstrated that gold and silver 
radiosensitizer nanoparticles have enhanced the tumor dose in vitro and in vivo using x-
ray sources, electron beams, and proton beams due to the more efficient interaction of 
lower energy radiation with high-Z materials through the photoelectric effect [51–55]. 
1.2.3. Radiation Protection with Nanoparticles.  Looking at another side, some 
materials have been studied to improve the protection of normal tissue from radiation 
damage. Radiation induced injury to cell is caused by free radicals produced from the 
ionization events during the interaction of radiation with the tissue. These radicals have 
been the focus of extensive research to develop new methods for radiation protection. 
 This application is still under investigation because most of the materials used 
produce serious side effects in the patients include hypocalcemia, diarrhea, nausea, 
vomiting, sneezing, somnolence, hiccups, hypotension, and erythema multiforme [56]. 
Some nanomaterials used in radiation protection include cerium oxide [57], amifostine 
[56], and Carboxyfullerene [58, 59]. 
1.2.4.  Brachytherapy.  According with the Cancer Treatment Centers of 
America [60] brachytherapy is an advanced treatment for cancer diseases. This technique 
places radioactive sources in, on, or near the tumor giving a high radiation dose to the 
tumor tissue and at the same time reducing the radiation exposure in the surrounding 
healthy tissue. From the literature, it was found that the radiation dose produced by the 
radioactive source falls off with the distance quickly (1/r
2
) giving low doses to the 
adjacent or distant normal tissue  [61, 62].  
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 There are different standard ways in which bracytherapy can be used to treat 
cancer [13]:  
 Interstitial brachytherapy that consists of the insertion of radioactive sources directly 
into the tumor tissue. This implant is permanent until the required dose is delivered. 
 Intracavitary brachytherapy that consist of the implant of a radioactive source into a 
cavity in the body. Devices used in this technique should be temporary. 
 External applicators that are used when the tumor is close to the skin surface. The 
devices used in this technique are placed 0.5 to 1.0 cm away from skin surface. 
  It is important to note that nanoparticles of radioactive materials provide an 
opportunity to tune the radioactive therapeutic dose delivered to the tumor cells [63]. The 
most promising nanomaterial used in brachytherapy is radioactive gold nanoparticles 
because they have shown excellent properties [64–66].  




Au for cancer 
treatment. Their radionuclidic properties allow manipulating the nanoparticles during 
transportation and chemical process before clinical applications. Table 1.1 shows the 






Au is commonly produced by the neutron bombarding of natural gold (
197
Au). 
Natural gold has high capture cross section for neutrons (100 barns) and the production of 
198
Au isotope is efficient [13]. Colloidal gold has been used for interstitial irradiation in 
patients with prostatic cancer [67–69] and ovarian carcinoma treatment [70–72]. The 
colloidal is directly injected into the tumor or the nanoparticles can be functionalized 
using glucose, proteins, or polymer additives. 
 
The principal advantage of using radioactive gold nanoparticles is the reduction of 
the chemotherapy time, dosage, and side effects. Some studies have demonstrated that    
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it is possible to kill cancer cells in tumors that have radioactive AuNPs using x-ray beam 
radiation instead of gamma rays [63, 66, 70]. 
 
 










Half life 2.7 days 3.1 days 
 average 312 keV 86 keV 
 average 961 keV 453 keV 





 Most of the published methods to synthesize radioactive gold nanoparticles and in 
general to produce radioactive nanomaterials include 2 different steps: the fabrication of 
nanoparticles and then activation by exposition to neutron source. 
  The synthesis of nanoparticles commonly includes chemical, physical, or  
biological processes [13, 34, 36, 38, 39, 71–77]. Only a few studies have reported 
methods to synthesize gold nanoparticles by using radiation with gamma sources  [66, 
78–84].Synthesis methods by two different steps can present some disadvantages such as 
expensive procedures, waste of time and loss of accuracy due to transition from one step 
to the next one.  
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 The original contribution of this work is the development of an accurate method 
to synthesize radioactive nanostructures in a single step. The implementation of a 
research nuclear reactor to synthesize and activate radioactive nanostructure represents an 
innovation due to the presence of neutron radiation and ionizing radiation simultaneously. 
The methodology exposed in this work can represent advantages in cost, time, and 




















2. RESEARCH OBJECTIVES 
2.1. GENERAL OBJECTIVE 
 The main objective of this work is the development of an effective method to 
synthesize, in a single step, radioactive nanostructures by using neutron radiation and 
ionizing radiation, controlling particle size, and chemical composition. A reduction 
process by radiolysis of water is the initiator of the synthesis of nanoparticles and the 
experiments are conducted in the research nuclear reactor of the Missouri University of 
Science and Technology. 
 
2.2. SPECIFIC OBJECTIVE 
Paper I 
 The objective of this paper is the production of radioactive gold nanoparticles by 
water radiolysis using a research nuclear reactor. The main goal in this study is to define 
the appropriate conditions to produce radioactive gold nanoparticles with specific 
characteristics to be used in cancer treatment. 
Paper II 
 The objective of this paper is the production radioactive gold/silver bimetallic 
nanoparticles by water radiolysis using a research nuclear reactor. The leading target of 
this study is focused in the design of an accurate process to synthesize in a single step 






3. RADIOLYSIS OF WATER 
 In radiation chemistry (the area involving the chemical effects induced by high-
energy ionizing radiation), radiolysis of water is the decomposition of the molecules of 
water caused by ionizing radiation. The initial decomposition of water requires 13 eV and 




OH, unstable ions, and electrons in aqueous 
solution that act as excellent oxidizing and reducing agents [85, 83].Water radiolysis has 
been the focus of many investigations due to its important role in different applications. It 
can be found during processes like food radiation, sterilization processes with radiation, 
sewage treatment, and radiotherapy [73, 86–88].The distribution of the products in the 
water decomposition is reflected by the linear energy transfer (LET) value that is the 
energy per unit path length deposited by the ionized particle in the medium. High LET 
radiation due to heavy ions, neutrons, and alpha particles can deposits energy densely 
whereas low-LET radiation due to high energy x-rays, accelerated electrons, and gamma 
radiation deposits the energy discretely along the path of the particle [89]. 
 The reaction of water radiolysis can be defined as (equation 1): 
 
                  
                     
→                   
            
     
                         
 
 The reaction process occurs in three main stages: physical stage, physico-
chemical stage, and chemical stage [89]. Figure 3.1 shows the main reactions that occur 
during the three stages of water radiolysis. 
 The physical stage: occurs 1 fs (10-15 s) after the initial ionizing radiation process with 
the matter. It consists in the deposition of energy and the formation of ionized water  
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 molecules (H2O), exited water molecules (H2O
•
) and sub-excitations electrons (e
-
). 
 The physico-chemical stage: occurs between 10-15 s and 10-12 s after the initial 
ionizing radiation process with the matter. In this stage several reactions occur 
including solvation of electrons, auto-ionization of excited states, ion-molecule 
reactions, and whole diffusion. 
 The chemical stage: occurs between 10-12 s and 10-6 s. In this stage the species react 





















































   𝐻𝑂  𝐻  𝐻𝑂 
  𝐻 𝑂








Figure 3.1. Mean reactions occurring during the three stages of water radiolysis. 
Figure adapted from reference [89]. 
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 The species obtained from water radiolysis are very reactive. The hydroxyl 
radicals are very strong oxidative species with standard potential E° (HO
•
/H2O) = 2.7 







) = -2.3 VNHE and E
○ 
(H2O/eaq) = -2.9 VNHE respectively.  
 When an aqueous  metallic solution is irradiated, these free radicals can reduce 
dissolved metal ions (M
+
) to their lower oxidation states until zero valence as shown in 
equation 2 and 3 [78, 79, 83, 89, 90]:  
 
                                                                
 
           
→                                                           
 
                                                               
           
→                                                          
 
 The metal atoms are formed with a homogeneous distribution throughout the 
irradiated solution due to the uniform energy deposition into the medium.  
 Since the binding energy between two metal atoms is stronger than the atom-
solvent interaction energy, the atoms dimerize (equation 4) or associate with excess metal 
ions (equation 5) and finally metal clusters are formed by a multi-step coalescence 
process [78]. Figure 3.2 shows the metal nanoparticle formation under irradiation. 
 
                                                               
           
→                                                          
 
                                                              
           
→     


































































4. EXPERIMENTAL WORK 
 This section presents the experimental procedure to produce radioactive 
nanostructures by water radiolysis using a research nuclear reactor. The description 
includes the synthesis and characterization processes followed during the experiments. 
All experiments were conducted in the Missouri University of Science and Technology. 
 
4.1. SYNTHESIS OF RADIOACTIVE NANOPARTICLES  
 The synthesis of radioactive nanoparticles was conducted in the research nuclear 
reactor of Missouri University of Science and Technology (MSTR). The procedure 
begins with the sample preparation by wet chemistry including the conditions for the 
radiation process. 
4.1.1. Preparation of Solutions.  The procedure to prepare the solutions for this 
work follows a previous reported method [81]. 
4.1.1.1.  Radioactive gold nanoparticles - experiment.  The chemical precursors 
for the solution that was used to produce gold nanoparticles were: 
 Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O), ACS, 99.99% (metal 
basis), Au 49.5% min, purchased from Alfa-Aesar. 
 Polyvinylpyrrolidone (PVP), 99.99%, as surfactant (colloidal stabilizer), purchased 
from Alfa-Aesar. 
 2–propanol HPLC, 99.7 +%, as the radical scavenger, purchased from Alfa-Aesar. 
 Deionized (DI) water as a medium. 
 The HAuCl4.3H2O was dissolved in DI water with dissolutions of 2-propanol and 





 M. PVP and 2-propanol were added with a volume ratio of PVP/2-propanol = 60, 
this ratio does not lead to any thermal reduction of the Au salt. The solution was mixed 
using a magnetic stirrer for 10 minutes to homogenize. Finally, the solution was bubbled 
with pure nitrogen for 30 minutes to remove oxygen.  
4.1.1.2.   Bimetallic gold/silver nanoparticles – experiment. The preparation of 
2 mM solutions used to produce Au/Ag nanoparticles follows a similar procedure as the 
previous subsection. The chemical precursors for the solution that was used to produce 
Au/ Ag nanoparticles were: 
 Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O), ACS, 99.99% (metal 
basis), Au 49.5% min, purchased from Alfa-Aesar. 
 Silver nitrate (AgNO3), ACS, 99.9% (metal basis), purchased from Alfa-Aesar. 
 Polyvinylpyrrolidone (PVP), 99.99%, as surfactant (colloidal stabilizer), purchased 
from Alfa-Aesar. 
 2–propanol HPLC, 99.7 +%, as the radical scavenger, purchased from Alfa-Aesar. 
 Deionized (DI) water as a medium. 
 Two solutions of 2 mM of HAuCl4.3H2O and AgNO3 were prepared using 
deionized water at room temperature. Dissolutions of PVP and 2-propanol were added to 
the solutions with a ratio by molar concentration of 1:60. These precursors acted as a 
colloidal stabilizer and a radical scavenger respectively. The mixture solution was 
bubbled up with Argon for 30 minutes to remove oxygen and avoid the reduction process 
due to secondary chemical reactions. 
4.1.2. Radiation Process.  The radiation process was conducted using the MSTR. 
The synthesis of radioactive gold nanoparticles was developed at 200 kW of reactor 
thermal power using different irradiation times. The synthesis of bimetallic Au/Ag 
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nanoparticles was developed at 10 kW of reactor thermal power with a irradiation time of 




Table 4.1. Radiation process conditions to synthesize radioactive AuNPs in the MSTR at 
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Table 4.2. Radiation process conditions to synthesize Au/Ag BMNPs in the MSTR at 10 
kW thermal power at 3 min/sample. 
Experimental 
Conditions 




Au Ag Au Ag Au Ag Au Ag 







 The obtained nanoparticles were characterized by Transmission Electron 
Microscopy (TEM). During this microscopy technique, a beam of electrons is bombarded 
through the sample to form the image by the iteration of the electrons with the matter. 
This beam is guided by electromagnetic lenses that align the electrons into the beam 
allowing it to set the focus with accuracy. 
 Depending on the density of the material in the sample, some electrons are 
scattered from the beam when it hits the sample or they are able to pass through the 
material and hit a fluorescent screen producing a shadow image. The difference of 
densities produces varied darkness in the image and this characteristic allows the 
identification and classification of the samples analyzed. 
 In this work, the TEM was used to characterize the samples by imaging (to 
analyze the morphology and size distribution), energy dispersive spectroscopy (EDS - to 
identify the chemical composition of the samples), and selected area diffraction (SADP - 
to evaluate the crystal structure of the nanoparticles). 
 The TEM sample holders used to analyze the nanoparticles were Formvar/Carbon 
300 mesh copper holders. The procedure to prepare the samples to the TEM analysis 
consisted in placing a small drop of the sample on the carbon surface of the grid. Then 
the samples were dried and placed in a grid holder to be transported to the electron 
microscopy lab.  
 The sample holders with the irradiated solutions were prepared three days after 
the irradiation process in order to allow the appropriate radiation decay of the samples 
before being inserted into the microscope. A strict method to manipulate the samples was 
followed as recommended by the Department of Environmental Health and Safety of 
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Missouri University of Science and Technology in order to keep the samples and the area 
as clean and safe as possible. Before taking the sample holders out of the reactor 
building, a Geiger Mueller detector was used to measure the radioactivity of the samples, 
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Production of chemically stable, radioactive, gold nanoparticles in a single step is 
successfully accomplished using the Missouri S&T Research Nuclear Reactor (MSTR). 
A solution of gold chloride in a mixture of deionized water, polyvinylpyrrolidone (PVP), 
and 2-propanol is prepared. The volume ratio of PVP/2-propanol is 60. Seven different 
samples of the solution are irradiated at reactor thermal power of 200 kW for 0.5, 1, 3, 5, 
10, 30, and 60 min. The obtained nanoparticles have a size distribution between 3nm and 
450nm. It is found that the particle size depends on the time of irradiation; longer 
irradiation time produces smaller nanoparticles. Some agglomerated particles are found 
in all samples. The resulting nanoparticles are characterized with Transmission Electron 
Microscopy (TEM) and ImageJ. 
I. INTRODUCTION 
           Cancer and heart diseases are the principal causes of death around the world.
[1]
 
The American Cancer Society, with the help of the National Cancer Institute, the 
National Program of Cancer Registries, the National Center for Health Statistics and the 
North American Association of Central Cancer Registries, have projected that a total of 





 Accordingly, billions of dollars are being invested in research to 
increase the knowledge about causes, biology, new drugs and development of newer and 
more effective therapies to reduce the death of cancer patients. 
 Some disadvantages in the current cancer therapies include the inability to bypass 
biological barriers, poor delivery and inadequate distribution of drugs inside the body, 
and difficult detection by imaging.
[3]
 The application of nanotechnology in cancer 
treatment is helping overcome these limitations, giving the patients more possibilities to 
defeat the disease and extend life expectancy. Nanotechnology usage is the focus of 
exhaustive investigation in imaging and treatment.  
 Gold nanoparticles (AuNPs) have been shown good results in cancer diagnosis 
and treatment due to their high stability, low reactivity, low toxicity levels for the human 
body, and easy functionalization process.
[4]–[6]
 AuNPs have been used to enhance 
imaging, photothermal therapy, chemotherapy, and radiation therapy by increasing the 
absorption or scattering of radiation.
[7]–[10]
 The newest research in cancer treatment using 




Au radioactive isotopes for locally irradiating 
and killing tumor cells. The properties of these isotopes (
198
Au half-life = 2.7 days,      
avg = 312 keV, max = 961keV, and  = 412 keV. 
199
Au half-life = 3.1 days,                 
avg = 86 keV, max = 453 keV, and  = 159 keV) allow easy manipulation of the 
nanoparticles during transport and chemical processing before clinical applications.
 The principal advantage of using radioactive AuNPs is the reduction of the 
chemotherapy time, dosage and side effects. Some studies have demonstrated that it is 
possible to kill cancer cells in tumors that have radioactive AuNPs using x-ray beam 





 Many studies have been published about the different ways to produce radioactive 
AuNPs.
[12]–[17]
 Most of them require two steps: first the nanoparticle are synthesized by 
chemical process and then activated with a neutron source. This work presents a novel 
method to produce radioactive AuNPs in a single step. The synthesis was done by 
radiolysis of aqueous solutions of gold chloride in the Missouri University of Science and 
Technology Nuclear Reactor (MSTR). The resulting nanoparticles where characterized 
with Transmission Electron Microscope (TEM) (Technai F20) and the Java-based image 
processing program ImageJ. 
II. EXPERIMENTAL SECTION 
 For the experimental procedure, the chemical gold precursor was hydrogen 
tetrachloroaurate (III) trihydrate (HAuCl4.3H2O), ACS, 99.99% (metal basis), Au 49.5% 
min. The surfactant used (colloidal stabilizer) was polyvinylpyrrolidone (PVP), 99.99%. 
Both reagents were purchased from Alfa-Aesar. The radical scavenger was 2–propanol 
and the medium was purified and deionized water. 
 A solution of 2 mM of HAuCl4.3H2O was prepared using deionized water at room 
temperature. Dissolutions of PVP and 2-propanol were added to the gold solution with a 
ratio of PVP/2-propanol = 60. This ratio does not lead to any thermal reduction of the Au 
salt. The mixture solution was bubbled with pure nitrogen for 30 minutes to remove 
oxygen. A similar procedure was demonstrated before. 
[18]
 The irradiation process was 
done in the MSTR operating at thermal power of 200kW. Seven different samples, of      
2 ml each, were irradiated for 0.5, 1, 3, 5, 10, 30 and 60 minutes. The morphology of 
nanoparticles was characterized using TEM (Technai F20) and the size distribution was 





 Production of chemically stable radioactive AuNPs in a single step from the 
irradiation of the precursor solution was successfully accomplished. The synthesis of 
nanoparticles is initiated by the radiolytic reduction of water by neutrons radiation and 





and H2 that are very reactive and reduced the metal ions present in the solution.
[19]–[23]
 
After the irradiation process, the solution changed color from light yellow to dark 
reddish. Samples that were irradiated for a short time presented lighter reddish color than 
samples that were irradiated for longer time. The difference in color change is due to the 
particle size obtained with different irradiation durations. Figure 1 shows TEM images of 
the seven samples, from shorter to longer irradiation time. The average particle size and 
their corresponding standard deviation () are shown in Table 1. 
 
TABLE I. Average particle size (nm) and variation with time of irradiation. 
sample 
irradiation time  
(min) 




1 0.5 271 207 
2 1 221 126 
3 3 124 75 
4 5 86 47 
5 10 56 34 
6 30 37 16 






































FIG.  1. TEM micrographs of the obtained radioactive gold nanoparticles that 
were irradiated at 200 kW for (1) 0.5 min, (2) 1 min, (3) 3 min, (4) 5 min, (5) 10 
min, (6) 30 min, and (7) 60 min in the MSTR. 
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 The TEM images show the presence of AuNPs in all samples, meaning that it is 
possible to synthesize NPs even with a short irradiation time. Despite of the addition of 
PVP to the solution, it was not possible to avoid the agglomeration of particles. However, 
most of the particles remained non-agglomerated. This agglomeration may be a 
consequence of the elapsed time between the irradiation process and the TEM analysis, 
since it was necessary to wait until the sample activity decayed enough to be safely 
transported and analyzed with the microscope in our current regulatory environment. 
 The variation of the average particle size and standard deviation with the 
irradiation time is shown in Figure 2. Both the particle size and standard deviation of 
AuNPs decrease with longer radiation times following a power trend with R-squared 
values of 0.968 and 0.996, respectively. After sixty minutes of irradiation a particle size 
reduction of 93% was achieved. However, most of the particle size reduction happened 
during the first ten minutes of irradiation (79%). After that time, the reduction rate 
lowered down to 3% every ten minutes. The same behavior was observed for the standard 
deviation. 
 According to previous research, the size distribution of AuNPs used in cancer 
treatment is a key element to improve tumor retention, interstitial interaction inside of the 
body, and the cancer cell killing process.
[24]–[26]
 Those studies have demonstrated that 
particles with diameters between 1 nm and 100 nm are smaller than the size of the pores 
in the typical tumor vasculature allowing the AuNPs to access the cells in the tumor.[27] 
 However particles with diameters smaller than 10 nm can be removed from the 
body through the kidneys. Nanoparticles with approximately 50 nm of diameter exhibited 
greater sensitization and higher cell uptake compared with other sizes.[27]–[31] For this 
reason 50nm represents the most promising option for cancer treatment.  
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 Accordingly, it is possible to obtain radioactive AuNPs with appropriate 
characteristics to be used in cancer treatment following the synthesis conditions used with 




FIG. 2. Variation of average size and standard deviation with the irradiation time. 
 
 
  The average particle size is 56 nm with a standard deviation of 34 nm. Figure 3 
shows the particle population vs. particle size for sample 5. Most of the obtained particles 
(95%) fall in the acceptable size range for cancer treatment (10 nm-100 nm) and almost 
half of them (32%) are the preferred particle size for cancer treatment (40 nm – 60 nm). 
The biggest particle size obtained in sample 5 was 296 nm; probably from particle 
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  [nm] = 1650t[s]-0.615; R2 = 0.996
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using Energy Dispersive Spectroscopy (EDS) in order to determine the possible presence 
of other chemical species. Figure 4 shows the EDS spectrum for sample 5 and Table 2 
shows the composition in weight percentage and  atomic percentage with the uncertainty 




FIG. 3. Particle population vs particle size in nm for sample 5. 
 
 
 The TEM sample holders used were Formvar/Carbon 300 mesh copper holders, 
the medium used to prepare the sample was deionized water and the samples only 
contained gold chloride as a principal precursor. For that reason, the Cu, and C presence 
in the spectrum was ignored. 
  The weight percentage of gold in the sample demonstrates effective reduction of 
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expected due to the precursor. The Cu and C presence in the spectrum is due to the 
sample holder. 
 
TABLE II. Composition in weight percentage and atomic percentage with  
uncertainty for each element found in the spectrum. 
 
element weight % atomic % uncert. % 
Cl (k) 28.3 68.7 3.0 
Au (L) 71.7 31.3 9.9 
 
 




 In conclusion, the synthesis in a single step of radioactive AuNPs by radiolysis 
was successfully accomplished following the described procedure. The gold 
nanoparticles produced presented good characteristics for use in cancer treatment. Future 
work will include in-vivo studies of these radioactive gold nanoparticles to identify their 
suitability and effectiveness. 
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5. THEORETICAL ESTIMATION OF THE TOTAL ABSORBED DOSE IN 
MSTR 
 
 In this section the total absorbed dose to produce radioactive gold nanoparticles is 
estimated. The process includes the method published by Martinho [91] and Monte Carlo 
N-Particle (MCNP) simulations to theoretically determine the total absorbed dose due to 
neutrons and gamma radiation when the reactor is operating. The content of this section 
will be published after validation of the calculations. The MSTR is a swimming pool-type 
research reactor that can reach 200 kW of thermal power and works with low-enriched 
Uranium (
235
U) as fuel. The pool has 120 m
3
 of high purity light water and the cooling 
system relies on natural convective flow. The reactor uses three control rods for coarse 
power control and emergency shutdowns, and a fourth control rod for fine power control. 
Figure 5.1 despicts the MSTR working at full power (200 kW) when it is possible to see 
Cherenkov radiation (blue glow). The current core configuration consists of 15 regular 
fuel elements that contain 18 fuel plates each, and 4 control rod fuel elements that contain 
only 10 fuel plates (the 8 middle fuel plates were removed to accommodate the control 
rods). The MSTR has low-enriched uranium silicide clad in aluminum as fuel, the plates 
are 0.152 cm thick and curved to allow for thermal expansion during operation [92]. 
Figure 5.2 presents a map of the current core configuration for MSTR. Each fuel element 
has a square section of 7.62 cm by 7.62 cm and a length of 91.44 cm with a cylindrical 
adapter at the bottom, which fits into the supporting grid plate [92]. The core is composed 
by fuel elements (F.E), control rod elements (C.R), a source tube, cadmium rabbit tube 




Figure 5.1. Picture of MSTR working at full power (200kW). 
 
   
 
    Figure 5.2. Core Configuration of MSTR. 
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5.1. ANALYTICAL CALCULATION 
 The absorbed dose is the energy absorbed per unit of mass of a system under 
irradiation due to the interaction between radiation and matter. The gray (Gy) is the unit 
of ionizing radiation dose in the International System of Units (SI) and it is defined as the 
absorption of one joule of radiation energy per one kilogram of matter (J/kg).  
 In the experiments conducted, the absorbed dose has two components due to 
neutrons and gamma radiation. The calculations were developed following the process 
described by Martinho, E. [91] and based in the following assumptions: 
 The size of the samples and the boundary conditions allow fulfilling the charged 
particle equilibrium condition, making the kerma value equal to the absorbed dose. 
 The absorbed dose due to neutrons is calculated using kerma factors and experimental 
neutron fluxes at the position where the samples were irradiated. 
 The thermal, epithermal, and fast neutron flux are taken from previous experimental 
work described by Kulage, et al. [93]. 
 The absorbed dose due to gamma radiation is based on simulation results. 
 The total absorbed dose for the samples was calculated using equation 6: 
 
                                         ̇                                                    
 
where  ̇  is the total dose rate, and         is the irradiation time. The total dose rate is the 
sum of the kerma rates due to the neutrons and the gamma dose rate as shown in   
equation 7: 
 
                                                             ̇     ̇   ̇                                                         
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 The total kerma rate was calculated adding the kerma rates of thermal (Th), 
epithermal (Epi) and fast neutron (fast) as described in equation 8:   
 
                                                     ̇   ̇    ̇     ̇                                                 
 
 The kerma rates were calculated using equation 9: 
 
                             ̇  (    )    (    )     (    )                          
 
where Kf is the kerma factor for a specific medium (in this case water), and   is the 
neutron flux.  
 The flux values for thermal, epithermal and fast neutrons at 200 kW of thermal 
power are shown in Table 5.1 [93]. 
 
 
Table 5.1. Flux values for thermal, epithermal and fast neutrons produced in the MSTR 
when the reactor is working at 200kW of thermal power [93]. 
Energy Flux (neutrons/cm
2
s) Flux share of total 
Thermal 2.94 x 10
12 
   1.9 x 1010 38.99  % 
Intermediate 1.86 x 10
12 
   3.7 x 1010 24.62  % 
Fast 2.65 x 10
12 
   3.0 x 103 35.15  % 
Total 7.55 x 10
12 




 The kerma factor for water was calculated using the mean value of the kerma 
factor for each element [94] multiplied by the fraction of the total mass of the sample (wi) 
corresponding to each element, as shown in equation 10:  
 
                                                             ∑   (  ) 
 
                                                  
 
According to the National Institute of Standard and Technology (NIST) [95], the weight 
fraction in water is 11.19% for hydrogen and 88.81% for oxygen. Table 5.2 shows the 
kerma factors of oxygen, hydrogen, and water for each neutron energy.  
 The total kerma rate due to neutrons was calculated using equation 4 and the 
result is shown in Table 5.3. Based on the results shown in Table 5.3, the fast neutrons 
are the principal sources of kerma rate with 98.35% of participation. 
 
 




 Kf  [Gy cm
2
] 
Thermal Epithermal Fast 
Oxygen 0.89 3.50 x 10
-19
 2.12 x 10
-14
 2.61 x 10
-12
 
Hydrogen 0.11 4.20 x 10
-14
 6.36 x 10
-12
 2.54 x 10
-10
 
Water 1 4.70 x 10
-15
 7.31 x 10
-13







Table 5.3. Total kerma rate due to neutrons in Gy/s. 
Energy Thermal Epithermal Fast Total 
Kerma Rate 
(Gy/s) 
0.01 1.36 81.47 82.84 




 The total kerma rate was calculated using equation 4 considering the kerma rates 
for all neutron energies and the result is shown in equation 11: 
 
                                                ̇         
  
 
          
    
 
                                 
 
5.2. MCNP SIMULATION 
 Gamma dose rate was calculated using the MCNP code, which is a general-
purpose code that can be used to calculate transport of neutron, photon, electron or 
combinations of them. The code treats an arbitrary three-dimensional configuration of 
materials in geometric cells bound by first and second degree surfaces and fourth degree 
elliptical tori [96].  
 Some areas of application of this code include radiation protection and dosimetry, 
radiation shielding, radiography, medical physics, nuclear criticality safety, detector 




 A complete model of the MSTR with accurate geometry, composition and 
components was made by Dr. Jeffrey King (Nuclear Science and Engineering, Colorado 
School of Mines, Golden, CO 80401, USA). This model was computed using MCNP 
version 5.1.51 with the nuclear data available in ENDF/B-VI.6 data library of the 
software [97]. A complete description of the MCNP code built for the MSTR is reported 
in previous publications [93], [97].  
 The model presents the whole reactor pool, the spent fuel storage pit, the portion 
of thermal column, and the beam port within the reactor pool. The reactor core includes 
all the fuel elements, rabbit tubes, control rods, and the grid plate on which the core rests. 
The support structure above the core was not included in the model.  
 Each fuel element is written as its own universe and placed using one of the 
transforms written for each grid space within the core. The fuel composition for each fuel 
element is based on the shipping documents received by the reactor during the conversion 
from highly enriched uranium fuel to the current low-enriched uranium fuel. The 
aluminum cladding and other aluminum pieces use compositions reported in the quality 
control reports. The concrete, stainless steel and borated stainless steel compositions are 
based on examples in the MCNP Primer [98], while the 1100-series aluminum 
compositions were found in MatWeb (1996-2011). Lead, cadmium, water, and graphite 
were defined to have naturally occurring isotopic compositions as reported in the chart of 
nuclides. A modified version of the MSTR code was used to simulate the gamma dose 
rate at the position of the sample vial (bare rabbit tube) when the reactor is working at 
full power.  The code ran using track-length estimator tally (f4: n) and the tally multiplier 
card (fm4) with the reaction numbers -7, and -8 to obtain the number of neutrons 
produced per fission event () and the energy produced per fission event (Q).  
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 Also, the energy deposition tally (f6: p) and the tally multiplier card (fm6) were 
used to calculate the average of the absorbed dose due to gammas (D) that are obtained 
per each started particle at the position of the sample vial. The code ran during 
approximately 4 hours using 40,304,812 particles histories.  Table 5.4 shows the results 
obtained from the simulations. 
 
 
Table 5.4. Results obtained with MCNP simulation. 
 2.43 n / fission 
Q 3.20 x 10
-11 
J / fission 
D 2.17 x 10
-15 




 In order to know the total gamma dose rate produced in the irradiation process, it 
is necessary to know the number of neutrons per second produced in the irradiation 
process as shown in equation 12: 
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 Taking into account the results obtained from MCNP (Table 5.4) and the reactor 
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 Therefore, the total gamma dose rate ( ̇ ) produced in the irradiation process at 
the sample vial is the product of the gamma dose generated by each started particle and 
the neutron rate as shown in equation 15: 
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 Accordingly, the total dose rate was calculated using equation 2 and the results 
shown in equations 11 and 16: 
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 Finally, the total absorbed dose for the samples was calculated using equation 1 at 
0.5, 1, 3, 5, 10, 30, and 60 minutes. During the final result calculation it is necessary to 
take into account the reactor power used to irradiate the samples and this value is used in 
equation 1 when the kerma rate and the gamma dose are calculated generically. However, 
in this study the reactor power was included during the calculation of kerma and gamma 
rates, and therefore the reactor power term was excluded from equation 1. Table 5.5 
shows the estimated total absorbed dose to produce radioactive gold nanoparticles. 
  
 














 In conclusion, considering the assumption described before in this section, the 
total absorbed dose rate is 119.25 Gy/s (42.93 Mrad/h) where the gamma dose rate 
contributes 30.53 % and the neutron kerma rate contributes 69.47% in the final result. 
 
5.3.  FURTHER RESEARCH 
 Future work will include the validation of the method presented in this section; 
the procedure will combine experimental results using the research nuclear reactor of the  
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Missouri University of Science and Technology with further simulations to verify the 
accuracy of the obtained data. Some preliminary data are shown below. 
 In order to prove the efficiency of the method used by Martinho [91] to calculate 
the neutron kerma rate, simulations in MCNP were done using the MSTR code to obtain 
the absorbed dose rate due to neutrons at the same position that the gamma dose rate was 
calculated. The energy deposition tally (f6: n) and the tally multiplier card (fm6) were 
used to calculate the average of the absorbed dose due to neutrons (Dn) that is obtained 
per each started particle. The code ran at the same conditions as the gamma dose 
simulations. The average of the absorbed dose due to neutrons generated per each started 
particle is: 
 
                                                                  
    
  
 
                                               
 
 Using the results shown in equation 19 and 14, it was possible to know the total 
neutron kerma rate produced in the irradiation process as shown in equation 20: 
 
                                      ̇             
     
    
 
                
   
 
                      
 
                                        ̇            
   
 
       
    
  
                                          
 
 Comparing the results for total kerma rate due to neutrons obtained with the 
method developed by Martinho [91] (82.84 Mrad/h) with the results for absorbed neutron 
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dose obtained with MCNP (11.46 Mrad/h), it was found that the two methods gave 
similar results, considering that they differ by less than one order of magnitude. 
 The difference is probably due to the assumptions that were taken into account 
during the calculations of Martinho’s method. However, this result is not sufficient to 
prove the efficiency of Martinho’s method, and it is necessary to verify if the obtained 
values from both methods are reasonable.In order to verify the veracity of the absorbed 
neutron dose results, it is necessary to corroborate first if the MCNP code can represent in 
a correct way the performance of the MSTR. An experimental work was done to obtain 
data that will be compared with MCNP results.  
 The experimental procedure consisted of an irradiation process to obtain an 
experimental value of gamma flux when the MSTR is working. This value will be used to 
be compared with the gamma flux obtained using the MCNP code at the same conditions 
that were set up during the experiments. The experiments consisted of two major parts; 
the first part consisted in finding the distance from the reactor core where only gamma 
radiation is found at 20W. Once the distance was defined, the power was gradually 
increased until it achieved full reactor power (200kW of thermal power) and more 
distances with only gamma radiation were found for each power level. At the final 
distance, the Geiger Mueller (GM) detector was placed to measure gamma flux. 
 The experimental setup includes a polyvinyl chloride (PVC) pipe was horizontally 
laid across the reactor pool and a 7.5 m long string attached to the PVC pipe was lowered 
until the pool bottom. A block of lead was attached as weight to the end of the string to 
keep straight the string. The sample was sealed in a vial and directly in line with the 
center of the core. Figure 5.3 shows the experimental setup to measure the gamma flux in 
the MSTR. Three different samples were used, one for each irradiation process. The 
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sample rotation was done in order to give the samples the necessary time to decay 
without affecting the continuity of the irradiation process.  
 The samples consisted of 42317 Silver foils, annealed, Premion, 99.998% (metals 









Figure 5.3. Experimental Setup to measure the gamma flux in the MSTR, top view of the 
PVP laid in the reactor pool (a), front view of the PVP laid in the reactor pool showing 
the position of the sample vial. 
 
 
 The results of the irradiation process are shown in Table 5.8. Six experiments 
were done at 20 W, 100 kW, and 200 kW to determine the distance from the reactor core 














obtained distance from the reactor core where only gamma radiation is present was   
1.321 m. The GM detector was located at this distance to measure gamma dose rate. 
 
 









Ag 106.7 Stable 
108
 Ag 107.9 2.37 min 
- (97.15%) 108Cd 




Table 5.7. Weight in grams of the irradiated samples. 
Sample 1 0.794 g  0.001g 
Sample 2 0.814 g  0.001g 




 Using the GM detector at 1.321 m from the reactor core, the gamma flux obtained 




                                                             
    
 
   
  
 
                                                       
 
The further work will be performed to modify the MCNP code creating a detector at 
1.321 m far from the reactor code to run the code using f4:p and fm4 tallies in order to 
prove if the gamma dose rate obtained from the simulations is equal to the gamma dose 
rate obtained from the experimental work.  If the results are similar it will be possible to 
affirm that the MCNP code can represent the correct behavior of the MSTR and the 
gamma dose rate obtained from MCNP at the position of the sample vial will be a correct 
value as well as the neutron dose rate calculated with the same code. Then, the described 
methodology will be able to verify the efficiency of the method developed by Martinho. 
 
 









1 0.02 0.309  0.003 0.60  0.01 Activated 
2 0.02 0.610  0.003 0.03  0.01 Non activated 
3 100 0.610  0.003 4.00  0.01 Activated 
1 100 1.219  0.003 0.30  0.01 Non activated 
2 200 1.219  0.003 1.00  0.01 Activated 





 II. Production of Bimetallic Gold – Silver Nanoparticles in a Research Nuclear Reactor 
Maria C. Garcia Toro, Joshua P. Schlegel, Carlos H. Castano Giraldo* 
Department of Mining and Nuclear Engineering, Missouri University of Science and 




The synthesis of radioactive, bimetallic nanoparticles by water radiolysis was 
successfully developed using the Missouri S&T research nuclear reactor (MSTR). An 
aqueous solution of gold chloride and silver nitrate in a mixture of polyvinylpyrrolidone, 
and 2-propanol was prepared. The molar concentration ratio of PVP/2-propanol was 60. 
Four different samples with concentration ratio in percentage by volume Au to Ag of 
70% / 30%, 50% / 50%, 30%/ 70%, and 100% of Ag were irradiated at a reactor thermal 
power of 10 kW for 3 minutes. The morphology, crystal structure, and chemical 
composition of the resulting nanoparticles where characterized with Transmission 
Electron Microscopy (TEM), Gatan Microscopy Suite Software and the Java-based 
image processing program ImageJ. The production of core-shell nanoparticles and 
alloyed nanoparticles was successfully accomplished and it was found that the obtained 
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The development of nanostructures of multiple metals and alloyed metal represents a way 
to create new materials that show different structural, chemical, and physical properties 
that improve the behavior of the bulk material [1]. Bimetallic nanoparticles (BMNPs) 
have shown improved catalytic quality and performances due to their enhanced catalytic 
activity and selectivity in comparison with nanoparticles made using only one metal. 
These properties can be tuned modifying the size, composition, and structure of the 
nanoparticles [2–4]. Bimetallic nanoparticles have applications ranging from heat 
transfer, medicine, chemical processes, electrochemical processes, electronic technology, 
aerospatial industry, and others [1, 2, 5–7]. 
 
Different methods to synthesize BMNPs are available including chemical processes (such 
as sol-gel, impregnation method, liquid reduction method, and others), biological 
processes, physical processes, and radiochemical reduction processes [2, 5, 8, 9].  
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This work shows the production of radioactive BMNPs by radiolysis of water, in a single 
step, using a research nuclear reactor.  
 
Water radiolysis can be represented by equation 1: 
 
                  
                     
→                   
            
     
                         
 
The species obtained from water radiolysis are highly reactive and can reduce metal ions. 
When a solution of metallic ions is irradiated, the reduction of metallic ions is reached 
until zero valence as shown in equations 2 and 3 [10–13, 8]: 
 
                                                              
 
           
→                                                           
 
                                                        
           
→                                                         
 
After the reduction process, the atoms dimerize or associate with other ions forming 
metal clusters that produce metallic nanostructures by coalescence processes. The 
bimetallic nanoparticles can be obtained as an alloy of the metals or as a core-shell 
structure. The production of core-shell clusters by radiolysis depends on the electro 
chemical characteristics of the metals ions in solution. When a metallic ion (  
 ) is in a 
solution with other metallic ion (  
   both of them have the same probabilities to be 
reduced by radiolytic radicals produced in water radiolysis. However, the less noble 
metallic ion acts as an electron donor to the nobler metallic ion and a further electron 
transfer between them occurs favoring first the reduction of the nobler metal [8]. 
  
52 
Assuming   
  as the nobler metallic ion and    
   as the less noble metallic ion, equation 
4 shows the reaction of the reduction of the nobler metallic ion by electron transfer from 
the less noble atom: 
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→     
    
                               
 
When the metallic ion is plurivalent the probability of segregation increases with the 
electron transfer between the intermediate–low valences of both metals. The nobler 
metallic ions receive electrons from the less noble metallic ions and monometallic 
clusters   are obtained first. Then, when the   
  ions are spent, the  
  ions are reduced 
thereafter on the surface of  . The final result is the production of a core–shell cluster 
where the nobler metal is coated by the lesser one. 
 
The production of alloyed clusters occurs when the intermetal electron transfer is not 
obtained even during long irradiation times [14]. The metal ions are reduced by the 
radicals obtained from water radiolysis (equation 1). This process produces atoms of both 
metals and it is followed by mixed coalescence. Equations 5 and 6 represent the 
coalescence process of the metallic atoms: 
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The union of atoms and clusters with ions is also possible during the reduction process 
and the reaction is represented in equation 7: 
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These associations allow the production of bimetallic alloyed clusters according to the 
relative initial ion concentration [8].  
 
The formation of an alloyed or a core-shell cluster depends on the kinetic competition of 
the electron transfer from the less noble to the nobler metal ions (equation 4) and on the 
radiation-induced reduction of both metal ions (equation 7). This competition depends on 
the chemical characteristics of the metal and also on the dose rate. 
 
 A powerful and sudden irradiation process could prevent the electron transfer between 
both metal ions, and the metallic atoms are produced fast and with total reduction [8]. 
Then, the coalescence of those atoms forms alloyed clusters. In other words, a high dose 
rate of ionizing radiation may kinetically favor alloyed metal nanoparticles rather than the 
normally formation of core-shell nanoparticles, which are favored if the formation 
reactions occur under thermodynamically controlled conditions [15]. Figure 1 shows the 





















Figure 1. Difference between core-shell clusters production and alloyed cluster 
production. Figure adapted from reference [8]. 
 
 
In this work, radioactive gold/silver BMNPs are produced by radiolysis of water, using 
the MSTR.  AuAg-BMNPs have good optical properties that depend on the composition, 
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applications include biomedical recognition processes, biosensing, drug delivery, 
photothermal therapy, and molecular imaging [2], [16].  
 
The chemical gold precursor used is hydrogen tetrachloroaurate (III) trihydrate 
(HAuCl4.3H2O), ACS, 99.99% (metal basis), Au 49.5% min, the chemical silver 
precursor is silver nitrate (AgNO3), ACS, 99.9% (metal basis), and the surfactant used 
(colloidal stabilizer) was polyvinylpyrrolidone (PVP), 99.99%. These reagents were 
purchased from Alfa-Aesar. The radical scavenger was 2–propanol and the medium was 
purified and deionized water. 
 
Two solutions of 2 mM of HAuCl4.3H2O and AgNO3 were prepared using deionized 
water at room temperature. Dissolutions of PVP and 2-propanol were added to the 
solutions with a ratio by molar concentration of 1:60, this ratio does not lead to any 
thermal reduction of the metallic salts [17]. The mixture solution was bubbled up with 
Argon for 30 minutes to remove oxygen. The deaeration process is important to prevent 
oxidation reactions caused by dissolved oxygen before and during the irradiation process, 
allowing the oxidation–reduction process exclusively from water radiolysis [15].  A 
similar procedure was demonstrated before [18].  
 
The irradiation process was conducted in the MSTR operating at 10kW of thermal power. 
Four different samples of 2 ml were irradiated for 3minutes. The compositions of the 
samples are shown in Table 1. The morphology, chemical composition and crystal 
structure of the nanoparticles were characterized using Transmission Electron 
Microscopy (TEM-Technai F20), Gatan Microscopy Suite Software, and ImageJ.  
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 Table 1. Composition in volume percentage of the four samples irradiated in the MSTR. 
Sample 
Composition (vol %) 
HAuCl4.3H2O AgNO3 
1 70 30 
2 50 50 
3 30 70 
4 0 100 
 
 
The production of Au/Ag BMNPs was successfully accomplished. The synthesis of 
nanoparticles was initiated by the reduction process due to the products obtained from 
water radiolysis [10], [12], [13]. The irradiated Au/Ag solutions presented a color change 
from light yellow to light reddish. This is caused by the reduction of the metallic salts and 
depends on the concentration of AgNO3 and HAuCl4.3H2O in solution; as the Au/Ag 
molar ratio increased, the intensity of the reddish color increased. According to previous 
work, the silver nitrate plays a special role on the behavior of gold atoms during growth, 
the silver assisted growth is  slower and gold atoms grow a structure with no defect [19]. 
The morphology, crystal structure, and chemical composition analyses of the Au/Ag 
BMNPs show that both core-shell and alloyed metal structures were obtained. Figure 2 
shows the TEM images of the four samples irradiated in the MSTR. 
 
The TEM micrographs show that particles from sample 1 (Figure 2.a) presented a multi-
spiked structure formed due to coating of metal nanoparticles. Particles from sample 2 
(Figure 2.b) presented a homogeneous deposition of metal nanoparticles on the surface. 
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Samples 3 (Figure 2.c) and 4 (Figure 2.d) presented nanoparticles with uniform surface 
without the deposition of nanoparticles. The results above are consistent with previous 
studies [1, 5, 7, 9, 16], demonstrating that samples 1 and 2 presented nanoparticles with 





















Figure 2. TEM micrographs of Au/Ag BMNPs obtained from the 
irradiation of the four different samples in the MSTR. 
50 nm 






Nanoparticles from sample 4 are composed of pure Ag without the presence of other 
chemical components due to the composition of the irradiated sample.  
 
In order to confirm the bimetallic composition, the energy dispersive spectroscopy (EDS) 
and selected area diffraction patterns (SADPs) analysis were conducted to evaluate the 
chemical composition of the nanoparticles and their crystalline structure. The EDS of 
sample 1, 2 and 3 showed the presence of Au and Ag in each nanoparticle composition, 
proving that the production of BMNPs was achieved. However, the presence of Cl was 
also detected in all samples; it could mean that the formation of AgCl occurred due to the 
chemical reaction between AgNO3 and the Cl
-
 from the gold precursor. Therefore, the 
composition of the bimetallic nanoparticles could include some Au/AgCl. As mentioned 
before, sample 4 presented only Ag in the nanoparticles composition because of the 
composition of the irradiated sample.  
 
EDS spectra for the four analyzed samples is presented in Figure 3. The composition in 
weight percentage, atomic percentage and uncertainty for each element found in the 
spectra is presented in Table 2. The presence of copper and carbon in the spectra is due to 
the composition of the TEM sample holders (Formvar/Carbon 300 mesh).  
 
The SADPs of the Au/Ag BMNPs from the four samples were analyzed comparing them 
to the SADPs of the pure metals (Au and Ag) and AgCl in order to verify the crystal 






       




Table 2. Composition in weight percentage, atomic percentage and uncertainty 
percentage for each element found in the EDS spectra. 















Au 10.88 10.41 0.19 Au 87.55 85.30 1.25 
Ag 78.89 63.76 1.62 Ag 12.34 14.18 0.20 
Cl 10.23 25.83 0.28 Cl 0.11 0.52 0.02 















Au 70.21 61.74 1.32 Au 0.00 0.00 100.00 
Ag 28.59 32.27 0.49 Ag 100.00 100.00 1.59 
Cl 1.20 5.99 0.09 Cl 0.00 0.00 0.11 
 
 
Simulations of the Au, Ag, AgCl, and Au/Ag patterns were run using Web Electron 
Microscopy Applications Software (WebEMAPS) of the Department of Materials 
Science and Engineering, University of Illinois at Urbana-Champaign [20].  
 
The d-spaces for each pattern were obtained from the simulations (see appendix). Figure 
4 shows the SADPs for pure gold (4.a) and pure silver (4.b). Table 3 shows the 











Figure 4. Selected area diffraction pattern for pure gold (a) and pure silver (b). 
 
 
Table 3. Characteristics of the crystal structures of pure Au, pure Ag and AgCl. 
 
Au Ag AgCl 
Atomic Radius 174 pm 165 pm _ 
Crystal Structure Face centered cubic Face centered cubic Face centered cubic 
Lattice angles   
Lattice parameters [Å] 4.078 4.085 5.549 
Space group name Fm_3m Fm_3m Fm_3m 




From Table 3, the crystal structures of the BMNPs are expected to be face centered cubic 
(fcc). According to the information presented in the introduction; the core-shell 
nanoparticles would present the SADP for pure silver (or AgCl) because the core is 




with lattice parameter between the values obtained for pure Au and pure Ag (or AgCl). 
Sample 1, 2 and 4 presented similar SADP. Analyzing their patterns, it was found that the 
d-spaces obtained belong to the pure Ag with a lattice parameter of 4.087  0.001Å, that 
means that the nanoparticles obtained from sample 4 are pure Ag as are the shell 
structures of the nanoparticles obtained from sample 1 and 2. . The SADP obtained for 








The SADPs for sample 3 is shown in Figure 6. The diffraction pattern presents a ring 
arrangement, and the rings were indexed to confirm the crystal structure of the 
nanoparticles.  The index process was done analytically and by running simulations using 
WebEMAPS. Also, the radii of the rings were measured to calculate the d-spaces of the 




measurements of SADPs for BMNPs from sample 3. Table 4 shows the radii (R) of the 




 Figure 6. Selected area diffraction pattern of BMNPs from sample 3 (a) indexed 




Table 4. Selected area diffraction pattern analysis for sample 3: radii, ratio (Rn/R1), 









1 4.245  0.001 1.000  0.001 111 2.361  0.001 
2 6.925  0.001 1.631  0.001 220 1.441  0.001 
3 8.130  0.001 1.915  0.001 311 1.230  0.001 
4 10.955  0.001 2.580  0.001 420 0.912  0.001 
 
a  b 
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The four rings in the SADP for the nanoparticles produced with the irradiation of sample 
3 correspond to the planes 111, 220, 311, and 420 reflections of the fcc crystal structure 
with lattice parameter of 4.082  0.001 Å.  
 
According to the data shown in Table 3, this lattice parameter is between the values for 
Au and Ag lattice parameters (4.078 Å and 4.085 Å respectively) which confirm the 
production of alloyed Au/Ag bimetallic structure. Since the lattice parameter values for 
Au and Ag are similar to each other, it is difficult to detect the random replacement of 
atoms of one element by atoms of another by using the electron diffraction analysis. 
However, it is possible to affirm that the production of alloy Au/Ag nanoparticles was 
successfully accomplished in sample 3. 
 
The presence of Cl
-
 in the EDS analysis is due to the chlorine in the gold precursor and 
the precipitation of AgCl. Additionally, from the SADP analysis it was confirmed that 
AgCl is not present on the surface of the BMNPs because the lattice parameter for the 
crystals obtained in sample 3 (4.0816 Å) is smaller than the lattice parameter for AgCl 
(5.549 Å) and the precipitated particles of AgCl did not interact with the BMNP. 
 
In conclusion, the synthesis of Au/Ag bimetallic nanoparticles was successfully 
accomplished by water radiolysis for 3 minutes using the MSTR at 10kW of reactor 
thermal power. Core-shell structures were obtained with the irradiation of solutions with 
Au/Ag concentrations of 70/30 vol% and 50/50 vol%, and it was found that the shell 
composition was pure Ag and the core composition was pure Au. Alloyed Au/Ag 
nanoparticles were obtained with the irradiation of a solution with Au/Ag concentration 
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of 30/70 vol%.  It was confirmed that the alloyed metal nanoparticles presented an fcc 
crystal structure with a lattice parameter of 4.082  0.001 Å. The EDS analysis showed a 
composition of the alloyed metal of 70.21  0.01 wt% Au and 28.59   0.01 wt% Ag with 
uncertainty of 1.32   0.01% and 0.49   0.01% respectively. The presence of precipitated 
AgCl due to the chemical reactions between both precursors was also detected but this 
product was not found in the surface of the BMNPs, meaning that they did not act in the 
synthesis of the BMNPs. 
 
Although the results presented in this work have demonstrated the effectiveness of the 
synthesis of bimetallic Au/Ag nanoparticles, a further research should be conducted to 
enhance the production of the nanoparticles by including an inhibitor agent to avoid the 
precipitation of AgCl. Additionally, future experiments could include the variation of 
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5. DIFFRACTION PLANES AND D-SPACES FOR FCC CRYSTAL STRUCTURE 
FOR PURE Ag, PURE Au, AgCl AND ALLOYED Au/Ag FROM SIMULATIONS 
USING WEBEMAPS 
 
  Ag- fcc Au -fcc AgCl - fcc Au/Ag - fcc 
h k l d[Å] d[Å] d[Å] d[Å] 
1 1 1 2.354781 2.354954 3.203717 2.359053 
0 0 2 2.039300 2.039450 2.774500 2.043000 
0 2 2 1.442003 1.442109 1.961868 1.444619 
1 1 3 1.229744 1.229835 1.673086 1.231975 
2 2 2 1.177390 1.177477 1.601858 1.179527 
0 0 4 1.019650 1.019725 1.387250 1.021500 
1 3 3 0.935695 0.935764 1.273028 0.937393 
0 2 4 0.912003 0.912070 1.240794 0.913657 
2 2 4 0.832541 0.832602 1.132685 0.834051 
1 1 5 0.784927 0.784985 1.067906 0.786351 
3 3 3 0.784927 0.784985 1.067906 0.786351 
0 4 4 0.721001 0.721054 0.980934 0.722310 
1 3 5 0.689409 0.689460 0.937952 0.690660 
2 4 4 0.679767 0.679817 0.924833 0.681000 











SC bcc fcc Diamond 
Rn/R1 Rn/R1 Rn/R1 Rn/R1 
100 1 1 
   
110 1.414 1.414 1 
  
111 1.732 1.732 
 
1 1 
200 2 2 1.414 1.155 
 
210 2.236 2.236 
   
211 2.449 2.449 1.732 
  
220 2.828 2.828 2 1.633 1.633 
300 3 3 
   
310 3.162 3.162 2.236 
  
311 3.317 3.317 
 
1.915 1.915 
222 3.464 3.464 2.449 2 
 
320 3.606 3.606 
   
321 3.742 3.742 2.646 
  
400 4 4 2.828 2.309 2.309 
410 4.123 4.123 
   
411 4.243 4.243 3 
  
311 4.359 4.359 
 
2.517 2.517 










6. SUMMARY OF RESULTS 
6.1. SYNTHESIS OF RADIOACTIVE GOLD NANOPARTICLES USING A 
RESEARCH NUCLEAR REACTOR 
 Radioactive AuNPs were successfully synthesized, in a single step, by radiolysis 
of water using neutron radiation and ionizing radiation. The irradiation process was 
conducted at 200kW of thermal power using different irradiation times (0.5, 1, 3, 5, 10, 
30, and 60 minutes). The average sizes of the obtained nanoparticles ranged from 3 nm to 
400 nm. It was found that the particle size and its standard deviation decreased with 
longer irradiation time following a power trend of 0.968 with R-square 0.996.  
 The appropriate conditions to produce radioactive AuNPs to be used in cancer 
treatment were determined (irradiation at 200kW and 10 minutes). The obtained 
nanoparticles by using these conditions presented an average size of 56 nm with standard 
deviation 34 nm. The 32% of the nanoparticles obtained with these conditions presented a 
preferred particle size between 40nm and 60 nm.The chemical composition obtained was 
71.7 wt% of Au and 28.7 wt% of Cl, it demonstrates the effective reduction of gold to 
produce metallic nanoparticles. 
 
6.2. THEORETICAL ESTIMATION OF THE TOTAL ABSORBED DOSE IN 
MSTR 
 The theoretical estimation of the total absorbed dose in the MSTR during the 
production of radioactive AuNPS was achieved. The estimation process was developed 
by using analytical calculations following the process described by Martinho [1], and by 
MCNP simulations. The obtained kerma rate due to neutrons was 82.84 Gy/s (29.82 
  
75 
Mrad/h). The obtained gamma dose rate was 36.41 Gy/s (13.10 Mrad/h). The obtained 
total absorbed dose rate for the production of radioactive AuNPs at 200kW of thermal 
power was 119.25 Gy/s (42.93 Mrad/h) where the gamma dose rate contributes 30.53 % 
and the neutron kerma rate contributes 69.47% in the final result. 
 
6.3. PRODUCTION OF BIMETALLIC GOLD – SILVER NANOPARTICLES IN 
A RESEARCH NUCLEAR REACTOR 
 Radioactive Au/Ag BMNPs were successfully synthesized by water radiolysis 
using neutron radiation and ionizing radiation. The irradiation process was conducted at 
10 kW and 3 minutes, four different samples with Au/Ag composition of 70/30 vol%, 
50/50 vol%, 70/30 vol%, and 0/100 vol% were irradiated. The production of core-shell 
nanoparticles was obtained from samples with Au/Ag concentrations of 70/30 vol% and 
50/50 vol%.It was found that the chemical composition of these nanoparticles consisted 
on pure Au in the core coated by pure Ag.  The production of alloyed Au/Ag 
nanoparticles was obtained from samples with Au/Ag concentration of 30/70 vol%, it 
was confirmed that these nanoparticles presented a fcc crystal structure with a lattice 
parameter of 4.082  0.001 Å. The EDS analysis showed a composition of the alloyed 
metal of 70.21  0.01 wt% Au and 28.59   0.01 wt% Ag with uncertainty of 1.32   
0.01% and 0.49   0.01% respectively. The presence of precipitated AgCl due to the 
chemical reactions between both precursors was also detected but this product was not 





 The development of an effective method to produce radioactive nanoparticles in a 
single step was successfully accomplished. The synthesis process was achieved by 
reducing the metallic ions present in aqueous solutions by using the products obtained 
from water radiolysis.  
 The innovation of this work is the application of neutron radiation and ionizing 
radiation at the same time to be initiators of water radiolysis. Using both kind of 
irradiation, it is possible to produce radioactive nanostructures in a single step. 
 It was possible to produce radioactive AuNPs with stable chemical composition 
and appropriate conditions to be used in imaging diagnosis and cancer radiation 
treatment. Furthermore, the production of Au/Ag BMNPs with core-shell and alloyed 
metal structure was successfully achieved. During this research, it was possible to 
determine the crystal structure of the alloyed metal nanoparticles.  
 As additional work, the theoretical total absorbed dose in the MSTR was for the 
first time estimated. The calculations were conducted by analytical process and by 
MCNP simulations. It was possible to determine the total absorbed dose during the 
production of radioactive AuNPs. This study represents the complement of an extensive 








8. SUGGESTION FOR FUTURE WORK 
 This work exhibited the potential of the neutron radiation and ionizing radiation to 
produce radioactive nanostructures in a single step.  Also, it was confirmed that the 
synthesis of radioactive alloyed nanoparticles with defined crystal structure and stable 
chemical composition. 
 A further research from this study may be the application of different radiation 
types to synthesize combined nanostructures (such as nanotubes decorated with 
nanoparticles) that can be used in medical and heat transfer applications. 
 Aside from the good results obtained with the BMNPs, a future work may include 
the production of radioactive and non-radioactive multimetallic nanoparticles with 
appropriated characteristics and crystal structures that could represent a novel 
nanomaterial for imaging diagnosis and cancer treatment. 
 Additionally, a further work from this thesis may be the validation of the 
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